A low profile super-wideband polarization diversity printed monopole antenna with dual band-notched characteristics is presented the first time. The designed antenna comprises two arched shaped radiating elements with two triangular tapered microstrip feed lines (TTMFL) and two arched shaped partial ground planes, which covers an enormously wide impedance bandwidth (BW) from 1.2 to 25 GHz (ratio BW of 20.8:3) for reflection coefficient |S 11 | < −10 dB. To ensure the high port isolation (better than − 30 dB) between two feeding ports over the whole bands, two analogous antennas have been kept perpendicular to each other at a distance of 1 mm. In addition, the dual band-notched performance in wireless local area network (5-6 GHz) and X-band (7.2-8.5 GHz) is generated by employing a pair of open-circuited stubs (L-shaped stub and horizontal stub) to the TTMFL. Envelop correlation coefficient has been computed to study the polarization diversity performance. Finally, the proposed antenna was fabricated and tested successfully. Measured results indicate that the proposed antenna is an appropriate candidate for the polarization diversity applications. The proposed antenna has a compact size of 40 × 70 × 0.787 mm 3 , high isolation, and occupies a small space compared with the existing antennas.
Introduction
In contemporary wireless communication technology, polarization diversity is a key technique to diminish the multipath fading signals in the multipath environment and to enhance the capacity of the system in terms of the high data transmission [1] . Basically in polarization diversity schemes [2] , two or more antennas are utilized at the transmitter and receiver for sending and receiving multiple signals simultaneously over a single channel to boost the quality and reliability of the data reception with good isolation. Therefore, in order to enhance the system performance and high data rate (up to 1000 Mbps) for short range (about 10 meters) wireless communications, polarization diversity is integrated with the ultrawideband (UWB) technology [3, 4] .
UWB [5] has become very popular among the recently developed technologies for wireless communications owing to its several fascinating features such as huge bandwidth (BW), low susceptibility to multipath fading, high data rate transmission, and large channel capacity. A number of UWB antennas with polarization diversity characteristics have been designed and reported in the literature [6] [7] [8] [9] . To further enhance the channel capacity, a super wideband (ratio BW of more than 10:1) antenna with polarization diversity characteristics has been introduced in [10] .
One significant problem to be noted for the UWB/super-wideband (SWB) antenna is that, it may cause electromagnetic interference with the existing narrow band wireless local-area network (WLAN) and X-band operating in 5.15-5.85 GHz and 7.25-8.395 GHz (for down link: 7.25-7.745 GHz and uplinks: 7.9-8.395 GHz) frequency bands. These narrow bands exist inside the UWB/SWB frequency range. To alleviate this interference issue, UWB/SWB antennas with band-notched characteristics have been proposed. A variety of UWB polarization-diversity antennas with band-notched functionality have been investigated in [11] [12] [13] [14] [15] [16] . In ref [11] to realize the polarization diversity performance over the UWB, two pairs of differentially-fed monopoles were arranged perpendicularly and a band-notch characteristics at 5.5 GHz was achieved by etching the arched shaped slots. In ref [12] two half circled slot monopoles were placed in mirror configuration about the y-axis to achieve the polarization diversity and the two notches in the frequency band of 2--5 GHz and 7--11 GHz were achieved by employing the C-shaped slots on the radiating elements, while in ref [13] a pair of L-slits were etched on the ground plane to have the notched band characteristics at 5.5 GHz. In [14] two similar Koch fractal UWB antennas are placed at 90°to each other to deliver the polarization diversity operation and the band rejection phenomenon is realized by etching a C-shaped slot on the radiating patch. A planar circular patch and a rectangular ground are used to attain UWB, and a triple band notched characteristic is obtained by etching two split ring slots and two arc on the radiating patch in ref [15] . In [16] an UWB circular disc patch antenna with semicircular arc slot loaded ground plane and a 50-Ω microstrip tapered feed line were adopted to enhance the impedance BW. Further, to generate the multiple stopbands a half mode substrate integrated waveguide cavity is employed below the feed line. However, the above-mentioned antennas have been designed to have notch within UWB region and occupies a large area, which may not be easily accommodated in the restricted space provided by some hand held electronic devices. In this paper authors have presented a compact SWB polarization diversity antenna with dual bandnotched characteristics. Our new structure is smaller and offers better isolation than the other band-notched UWB diversity antennas [11] [12] [13] [14] [15] [16] and the dual band-notched characteristics have been realized within the SWB region. Simulation results have been carried out with the finite element method (FEM)-based Ansoft highfrequency structure simulator (HFSS) software.The simulated and measured results show that the proposed antenna can deliver wide frequency BW (1.2-25 GHz) with high isolation in terms of S-parameters <− 30dB over the entire band of interest except for the two rejected bands in the frequency bands of 5-6 GHz (for WLAN) and 7.2-8.5 GHz (for X-band satellite communication system). In addition, measured radiation patterns and envelop correlation coefficient (0.025) results suggest that the proposed antenna has delivered reasonably well diversity performance.
Design and evolution of the proposed antenna Antenna design Figure 1 illustrates the configuration of the proposed SWB polarization diversity monopole antenna with dual band-notched functionality. The proposed antenna is fabricated on a low loss RT/ Duroid 5870 substrate of thickness (h) 0.787 mm with a dielectric constant ε r of 2.23, a loss tangent of 0.0012 and excited through two 3.5 mm SMA connectors. A 50-Ω triangular tapered microstrip feed lines (TTMFL) [17] is employed to feed the main arched shaped traveling wave radiating elements for broadband impedance matching. Because TTMFL involves continuous change impedance functions in a smooth fashion from the impedance of the one line to other line. Hence it is capable of supporting SWB radios without increasing the antenna dimensions. A closed form solution of the Riccati equation for triangularly tapered feed line is given by [17] 
where Z L is the load impedance, Z 0 is the characteristic impedance, Γ (θ) is the reflection coefficient, β is the phase constant and l k (l k = B + P) is the triangular tapered feed line length. An arched shaped partial ground planes placed on the rear side of the substrate also play a vital role for further improving the impedance BW. The lower resonant frequency of a semi-circular printed monopole antenna is based on the equivalent cylindrical monopole, which can be estimated by mathematical formula [6] 
where J (J = N + g) is the length of the printed monopole antenna, v is the speed of light (m/s), K is the area of the semi-circle monopole radiating patch and p is the feeding gap distance of the printed monopole, respectively. To realize a band-notched functionality in wireless local area network (5-6 GHz), an L-shaped open-circuited stub (LOCS) is employed with the TTMFL. The physical length (U 1 ) of LOCS is set to approximately 0.25λ g (quarter wavelength transformer) and can be expressed by numerical formula
where ε eff is the effective dielectric constant, v is the speed of light (m/s), f notch 1 is the center frequency of a corresponding central notched frequency at 5.5 GHz and U 1 (
is the length of LOCS. The computed length of the LOCS from the equation (2) is found to be 8.6 mm. To obtain an another notched band characteristics at 7.2-8.5 GHz for X-band satellite system, a horizontal open-circuited stub (HOCS) is employed on the TTMFL. Similarly, calculated length (U 2 = S + H 1 ) of the HOCS at central notched frequency (f notch 2 ) 7.85 GHz from equation (4) is approximately equal to 5.7 mm and act as a half wavelength transformer (0.5λ g ). The length of HOCS is chosen as:
Evolution of the proposed antenna Figure 2 depicts the involvement of various antenna structures to enhance the impedance BW and generate the desired dual bandnotched functionality. Figure 3 represents the comparison results of the corresponding simulated reflection coefficients versus frequency graphs of Antennas 1-4. One can observe fromFig. 3 that an ordinary rectangular patch antenna (Antenna I) with arched shaped partial ground plane provides the wider impedance BW in the frequency band of 1.2-22.6 GHz. However, this antenna has poor impedance matching at a frequency of 23 GHz. In order to enlarge the impedance BW over the complete band, the lower-corner of the main radiator of Antenna II has been transformed into an arched shaped structure. The arched shaped patch (Antenna II) delivers an average return loss of around − 18 dB in comparison to the Antenna I (around − 13 dB) with rectangular patch. This is probably due to the advantageous capacitive load, which means that the antenna dominates the inductive reactance at the higher frequencies and produce almost purely resistive input impedance (Fig. 12 ). An LOCS is embedded with Antenna 3 to get a stopband function at the WLAN band. Lastly, to create an elimination at the X-band, a HOCS is employed on the TTMFL (i.e. Antenna IV). Further improving the characteristics of the first notched band (5-6 GHz), an I-shaped slot is inserted on the main patch as observed in Fig. 4 . From Fig. 4 it is evident that without an I-shaped slot the notch frequency shifts 0.4 GHz lower in the first band-notch region and provides wider notch characteristics i.e. 4.6-6 GHz. This wide notched-band needlessly blocks usable frequencies from 4.6 to 5 GHz. Two feeding ports (port 1 and port 2) are employed to excite the X (horizontal) and Y (vertical) polarization, respectively. Two identical radiating elements are placed orthogonal with each other, in order to achieve the high isolation between two feeding International Journal of Microwave and Wireless Technologies 3 ports (port 1 and port 2) over the SWB region. Our proposed structure provides high isolation without any additional isolation elements [18] , which makes the design and fabrication of the antenna a bit simple. To validate the aforesaid points such as extremely large BW, dual band-notched functionality and high isolation, the simulated S-parameters have been depicted in 
Results and discussions

Current distribution
In order to observe the physical behavior of the proposed antenna at two notched bands 5.5 and 7.85 GHz, the simulated surface current distribution plot is shown in Fig. 6 when port 1 is excited and port 2 is terminated with a 50-Ω load. Since both ports (port 1 and port 2) are symmetrical, therefore current distribution is shown only for port 1. As can be seen, that the currents are mainly concentrated (indicated by red color) on LOCS and HOCS at the two resonant frequencies 5.5 and 7.85 GHz respectively, which shows that the antenna offers high suppression of radiation characteristics at the notched frequencies. In other words, most of the energy is reflected back at the notched frequencies, owing to the presence of LOCS and HOCS, while at the other frequencies, the signal is transferred successfully to the radiating element.
Parametric study
To obtain an intensive insight of how the proposed antenna's dimensions effect the overall antenna performance, a parametric analysis has been carried out. Figure 7 displays the simulated return loss (|S 11 |/|S 22 |) of the proposed antenna for different N. From Figure 7 it can be seen that by decreasing N from 8 to 6 mm, the percentage BW of the antenna significantly reduces from 90.8 to 89.3. Therefore, the optimized value of N=8 was selected. Figure 8 plots the simulated S-parameters for different W 3 . It is observed that decreasing the value of W 3 from 31 to 29 mm leads to worsening the performance of average isolation between port 1 and port 2 within the UWB region as well as high-frequency region. With the increase of W 3 from 31 to 32 mm, a high isolation Murli Manohar et al.
(|S 21 |/|S 12 | ≥ 30 dB) can be obtained up to 13 GHz, whereas the performance of an average isolation reduces beyond 13 GHz. Therefore, favorable value of W 3 is set to be 31 mm to achieve the port isolation better than − 32 dB for the entire band. From these outcomes, we can conclude that the notched frequency can be easily controlled by varying the value of H 1 . Moreover, as shown in Fig. 11 increasing the value of L 1 from 7.5 to 8.5 mm with other parameters fixed results in a first notched band shifted from 5.3 to 6 GHz, whereas the second notched band remains insensitive. Therefore, the impedance BW of notch frequency is controllable by adjusting the values of H 1 and L 1 . Figure 12 represents the simulated input impedance of the proposed antenna. As shown in Fig. 12 , by introducing a pair of open-circuited stubs two anti resonances are introduced at 5.5 and 7.85 GHz. The real part of the impedance of antenna at the frequency where the reactance is zero is called the resonant frequency. At notched frequency 5.5 GHz, the real part of the input impedance is maximum (150-Ω), when its imaginary component graph is zero crossing (behaves as a parallel LC resonator). However at frequency 7.85 GHz, the real component is minimum (approximately close to zero) and imaginary component graph behaves as a series LC resonator. On the other hand in the passband frequencies the reflection coefficient |S 11 | < −10 dB can be achieved owing to multiple resonances excited by the proposed SWB antenna and each resonance can be considered as a parallel RLC circuit. The series and parallel LC resonators shown in Fig. 13 denote the contribution of the two notches, whereas several parallel RLC resonators are responsible for the wide impedance BW. The equivalent circuit input impedance can be represented as [19] International Journal of Microwave and Wireless Technologies 5 
Equivalent circuit
Z in = Z p + Z s + 1 n=1 jv.R k .L k R k . 1 − v 2 .L k .C k ( ) + jv.L k ,(5)
Dimensions (W × L × h)
Ratio BW and Isolation (dB)
Ref. [11] 64 × 64 × 0.8 mm Ref. [12] 68 × 40 × 1.6 mm 3 3.9:2 and − 22
Ref. [13] 38.5 × 38.5 × 1.6 mm Ref. [14] 45 × 45 × 1.6 mm 
Experimental results
The proposed antenna's layout is presented in Fig. 14 . The measured impedance BW of the proposed antenna is carried out by a Rodhe and Schwarz ZVA24 vector network analyzer. Figure 15 shows a reasonably good agreement between the measured results and the simulated one across the specified frequency range from 1.2 -to 25 GHz with dual notched band of 5-6 GHz and 7.2-8.5 GHz, respectively. 
Diversity performance
The diversity performance of the proposed antenna can be evaluated by computing the envelope correlation coefficient (ECC) from the radiation pattern as described in [20] . The purpose of calculating the value of ECC is to estimate how much the communication channels of the proposed antenna are isolated to each other. For reasonably well diversity performance of an antenna pair, the value of ECC should be <0.5 and can be estimated using far-field radiation pattern-based formula stated below [20] 
where
f f is the radiation field of the antenna system when i th port is excited, and E u and E f are the components in the direction of u and f , respectively. The simulated result of ECC is plotted in Fig. 16 . It is observed that over the entire frequency band (including two notches) correlation coefficient is below 0.025 which satisfies a good diversity performance.
Radiation pattern and gain
A peak gain is measured by gain transfer technique [21] where a typical broadband horn antenna was utilized to radiate the total power to the proposed antenna. Figure 17 illustrates the simulated and measured outcomes of the proposed antenna. The measured antenna gain shown in Fig. 17 is reduced to − 5.2 and − 4.1 dBi in the two stopbands from 5 to 6 GHz (WLAN) and 7-8 GHz (X-band satellite communication), respectively. However, the average gain of the proposed antenna beyond the notched bands is about 4.8 dBi. Table 1 depicts the dimension, ratio BW and isolation of the proposed antenna with existing antennas. The simulated and measured 2D far-field radiation patterns for port 1 of the proposed antenna in the E-plane (xy-plane) and H-plane (xz-plane) at 3.1, 10.6, and 20 GHz are shown in Fig. 18 . Since both the ports are identical, therefore in the Fig. 18 port 1 is excited, while port 2 is terminated by a 50-Ω. It is evident that the H-plane (xz-plane port 1 and xy-plane port 2) patterns are nearly omnidirectional and relatively stable (variation is <− 10 dB) at frequencies 3.1 and 10.6 GHz. The E-plane (xy-plane port 1 and xz-plane port 2) radiation patterns at 3.1 and 10.6 GHz are directed maximum towards − Y-direction, showing the dipole-like (figure-of-eight) radiation patterns. The cross-polarization levels are approximately − 20 dB in the E-and H-planes at 3.1 and 10.6 GHz. However, in the E-and H-planes, it can be observed that at 20 GHz the crosspolarization level rises. Moreover, since the port 1 (vertical polarization) and port 2 (horizontal polarization) are oriented by 90°w ith each other, therefore the proposed antenna generates a considerably well orthogonal polarization performance.
Time domain characteristics
Group delay [22] is one of the most important parameter in communication system, which shows the degree of distortion of SWB pulse. Group delay is the measure of a signal transition time through a device. It is measured by keeping two identical antennas at a distance of 60 cm in the far field region in face-to-face and side-by-side orientations. The measured group delays for the face-to-face and side-by-side antenna results over the frequency from 1 to 25 GHz is presented in Fig. 19 . From the graph, we can observe that the group delay is increased in the notch band, however variation of group delay is <0.7 ns outside the notched-band.
Conclusion
A compact SWB polarization diversity printed monopole antenna with dual band-notched functionality has been investigated in this communication. The proposed antenna provides an extremely large impedance BW in the frequency band of 1.2-25 GHz (ratio BW of 20.8:3) with dual band-notched characteristics covering the WLAN band and X-band satellite communication.To achieve the isolation better than − 30 dB (low mutual coupling) in the SWB band, two identical monopole antennas have been placed orthogonal to each other at a distance of 1 mm. Moreover, The proposed antenna possesses minimum ECC of 0.025 over the SWB frequency range, authenticating it a suitable candidate for polarization diversity applications. Due to large BW this antenna may also be used for spectrum sensing in cognitive radio [23] .
